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?? 3 ?????????????????????????? FPGA??????












??/???????????????IDEF?Interconnection-Delay Estimate model for
Floorplan-driven high-level synthesis targeting FPGA designs??/?CSEF?Clock-Skew






























































































































































































































































































Spreading Score?????? [14, 15]
















?????? 2.4? Spreading Score?????? ???????????????? 1?
??????????????????????? 2.4(a) ?? Spreading Score?? 1? 12
? 4? 4????????????????????????? 2.4(b) ?? Spreading Score























































































???????????CDFG (Control-Data Flow Graph)?RDR???????????
?????????????????RTL??????????????????????
?????MCAS???????????????????











































































































































PDynamic = S(PLUT + PREG + PLW + PGW ) (2.3)
PStatic = PIdle LUT + PStatic LB + PStatic GB (2.4)
PLUT ???? LUT????????????PREG???? LUT??????????
??PLW ????????????????????????PGW ??????????








?? ?? FU?????????????????? FU??????







w(v; r) = 1x1(v; r) + 2x2(v; r) + y(v; r) (2.5)
x1(v; r)??? v????? r???????????????MUX?? 2.9(a)????
??x2(v; r)??? v????? r?????????????? FU?MUX?? 2.9(b)?






? 2.10? LOPASS????????????????????? 2.10(a)? (b)????
??FU???????MUX????????????MUX????????LOPASS






























































































































































? 2.15: HW-component-level register retiming???
??????
Hara????????????? 2.14????????? [52]???? Selective FU
sharing?HW-component-level register retiming????
???????????SSA?Static Single Assignment??????????????Ag-
gressive register unsharing???????multiple variable??????????????








































































Huddled Local Register?HLR? ????????????????????????
??????
Huddled Functional Unit?HFU? ???????????????????????
?????????????????????????????HLR???????
????
Finite State Machine?FSM? ????????????????????????
HFU?HLR??????






















































? 2.1: ??? FPGA???????????.
?? ?????? ?? ??
?????????? [71, 77, 78] ?????????? ??????
?????? ????? ?????? ???? ????????
????? ???????? [12, 14,15, 42] ????????? ???????? ????????
FPGA?????? ?????????? ?????





















































 ????????SR : Shared-Regisuter????????

























































Huddled Local Register?HLR? ???????????????? MUX????
???
Huddled Functional Unit?HFU? ????????? FU????????????
?????????? FU??????????????? HLR????????
???








? 3? HDR?????????????MUX?? FPGA??????













     t=x+y+z+u;
else













ノード 6 ノード 7
ノード 8










? ni 2 No? 2???????????????E??????????Ed??????
??????Ec?????CDFG???? 3.3????? 3.3???????? 1, 2, 4, 5,
6, 7??????No???????? 3, 8??????Nc???????????? 3?
??? 4?????????? 3???? 6?????????? 6???? 8?????
????? 7???? 8?????????????????? Ec??????????
?????????????Ed??????
??????1???? FU???HFU??HLR? FSM??????????? hi?
HFU????AreaFU(hi)?HLR????AreaReg(hi)?FSM????AreaFSM(hi)????
???????? hi???Area(hi)???????????
Area(hi) = W (hi)H(hi)
= AreaFU(hi) + AreaReg(hi) + AreaFSM(hi)
(3.1)
? (3.1)????W (hi)???? hi???H(hi)???? hi???????
FU fi??? 2?Df (fi)????FU fi?MUX????DMUX(fi)????Sf (fi)?FU
fi?????????????????? Tclk?? Sf (fi) = d(Df (fi) +DMUX(fi))=Tclke?
??????FU fi??????????Hud(fi)??????? hi???????? FU
???? F (hi)????????????Dreg????FU fi???? Tclk  Sf (fi)???
???????????????????????????????????






????????????????????? 3.4???????? hi????? ri?FU
fj ?????????????????????????????????? hi????
??? ri? FU fj???????????W (hi) +H(hi)??????????? hi??
????????????????????????? ri???????????FU fj?
???FU fj ????????????????? ri????????????????
??????????? Slack(hi)???????????????Dw(x)???? x??
????????????????????????? ri? FU fj ??????????
2FU???????? FU??? 1?????????????
35














Dw(W (hi) +H(hi))?????????Slack(hi)????? hi????????????
??????????[12]




????????Cd????Dw(x) = Cd  x?????????????? (3.4)???
??????????
????????????????????Dist(hi; hj)???? hi???? hj????
?????????????????????????x(hi)? y(hi)???? hi????
?? x???????????? hi???? hj????Dist(hi; hj)??????????
Dist(hi; hj) = jx(hi)  x(hj)j+ jy(hi)  y(hj)j (3.5)
?3.5?2???????????????(x(hi); y(hi)) = (20; 20)?(x(hj); y(hj))=(100,60)





???????????????????????FU fi 2 F (hi)?????????FU
fj 2 F (hj)????????????FU fi?? FU fj????????????????
??????CS??? idfi;fj ????






















? (3.6)????????Sfu(fi)???????FU fi??????????????? hj
??????????????????? idfi;fj = 0????
Slack(fi) < Dw(Dist(hi; hj)) +Dreg (3.7)
???? (3.7)????????Sfu(fi)???????? FU fi????????????
??? hi????? ri??????????dDw(Dist(hi; hj))=Tclke??????????
??? ri????? hj???????????
HDR??????????FU f ?????????????????????????
hs????? rs??FU f???????hd????? rd??????????path(rs; rd)
???D(path(rs; rd))????????????
D(path(rs; rd)) = Dfu(f) +Dmux(f) +Dreg(rd) +Dmux(rd) +Dw(rs; rd) (3.8)






















































































































































? 3? HDR?????????????MUX?? FPGA??????
? 3.1: FPGA?ASIC????????????????????.
?????? FPGA ASIC
(FU/MUX/????) ?? LUT? ?? ??
??? 1.00 1.00 1.00 1.00
??? 1.00 1.00 1.01 1.21
??? 2.84 11.1 2.00 7.15
??? 19.6 24.1 10.5 9.06
????? 1.47 2.44 0.42 1.02
??? 1.06 0.38 0.15 0.40
AND 0.55 1.00 0.02 0.24
2??MUX 0.66 1.00 0.03 0.39




? 3.1? FPGA? ASIC??????????????LUT?????? 1?????
??????????????????????????????????? 16????





? 3? HDR?????????????MUX?? FPGA??????






1:00 + 1:00 + 1:00 + 2:84 + 19:6 + 1:47 + 1:06 + 0:55
1:00 + 1:01 + 2:00 + 10:5 + 0:42 + 0:15 + 0:02
 1:8 (3.9)
FU ? area???? =
P
(FPGA? FU ? LUT ?)P
(ASIC? FU ???)
=
1:00 + 1:00 + 1:00 + 11:1 + 24:1 + 2:44 + 0:38 + 1:00



























?? ISE Design Suite 14.2????XST?????????????? 16???????
Virtex-6?????????? 4?? 6??LUT? 4??FF?LUT??????????
2??MUX???MUX?Dedicated MUX?????? 3.2???2{4???MUX? 16?









? 3? HDR?????????????MUX?? FPGA??????
? 3.2: FPGA??????????MUX????LUT????MUX?.
MUX ?? [ns] LUT? ??MUX?
(?????? 2??MUX?)
2??MUX 1.002 16 0
3??MUX 1.184 16 0
4??MUX 1.186 16 0
5??MUX 1.575 32 0
6??MUX 1.650 32 0
7??MUX 1.717 47 1
8??MUX 1.443 33 16
16??MUX 1.611 66 48
??????FPGA????????MUX? 4???????????MUX????
????????????
? 2 MUX????? 4???????????? 3.7?????????? 5?????
MUX????????????????????????????????????? 4
?????MUX????????????? 3.7(a)????????????? 1?? 5
???MUX???????????????????????????????? a??
e? 5????????????????????? 1????????? 2??????
? 5?????????????????????MUX? 3??? 2?????????
????????????????????????????????MUX? 4????
????????????????????? LUT????????????MUX???
??????? 1:575  1:184 = 0:391ns??????
5{7???MUX????4?????MUX? 2????LUT????????? 3.7(b)
? 6???MUX 2???????????6???MUX? 32?? LUT??????4?
??MUX? 16?? LUT??????????? 2?? 6???MUX 2???????
????????? 3????? 4???MUX 3????????? 32? 2  16? 3? 16
? LUT?????????????? 1:650  1:186 = 0:464ns??????
8???16???MUX????4???MUX??????????????? LUT?
???????????? 3.7(a)????????????? 8???16???MUX? 4
???MUX?????? LUT??????????????8???16???MUX? 4
???MUX???????????????????8???MUX? 33??LUT???
? 1.443ns?????4???MUX? 16?? LUT???? 1.186ns??????? 3.7(c)
? 8???MUX 1????????????? 1?? 8???MUX??????????
????? 2????? 4???MUX 2????????33  16? 2? 1? LUT???






















































































?/FU??????? (???? 2)???????????? (???? 3)????????


















































????????????????MUX????? FU??????? (???? 2)?






4Simulated Annealing??????????????????????????????C1  C2     
Cn ????????????????????????????????
44




































































































? 3 ??? 3.10??????????????/FU?????????????????
?????????????????????????????????????????
3.10(a)???????CDFG????? 3.10(b)??????????/FU???????
?????????????????????FU A;B???? 1?FU C???? 2??
?????????????????????????? 1 CS????????????
???????????? 1????????????????????????????
?????????????????? 3.10(a)?????????????? CS = 5?
??????????FU????????????????? 11?????????/FU
????????????
??? 11?????????? FU??????????????? 11???????
?????FU A{C??????? FU A?B???? 11???????? FU????
???????FU A?B?????? 1??????????? 2???????? FU
C????????? 1 CS??????????? 11?FU A?B??????????
??????? 11?CS = 6????????????? 11?CS = 7?????????
? 3.10(c)????? 11? FU A??????????????????????????
?????????????????? 1????????????? 3.10(d)?????
11? FU B?????????????????
? 3.10(a)????? 5???? 3???? 8???????????????????
???????FU?????????????????? 5?FU A????? 3?FU C
????? 8? FU B????????????????FU A?? FU B???????
??????FU C ?? FU B???????????????????????? 11?
FU??????????? FU B???? 11???????????????????











































a b c d e f
















a b c d e f
レジスタ MUXハドル 1 ハドル 2







a b c d e f
レジスタ MUXハドル 1 ハドル 2



































































???????????? priority(ni)??????? ni????????? ni???
???? priority(ni)????? ni?????????????????????????
48
? 3? HDR?????????????MUX?? FPGA??????
????????????????????????????















????? 2???????????? ni?????? nj? nk??????? nj??
FU fj???? nk?? FU fk??????????????FU fj ? fk????????
??????????? ni???????? FU???? F 1path????FU fl 2 F 1path?
??? ni?????? CS = n??????????????FU fj ? fk?? FU fl??
????????????????FU fj? fk??FU fl????????????????
??? ni???? FU fl?????MUX?????????CS???????????
? FU????FU fj? fk?? FU fl?????????????????FU fl????
ni????????? ni?CS = n????????????FU fj? fk?? FU fl??
?????????????????F 1path??? FU????????
F 1path? FU??? CS = n??????? ni????????????FU fj ????
fk???????????????????????? ni??????????? FU?
??? F 2path????FU fm 2 F 2path???? ni?????? CS = n?????????
?????FU fj ? fk?? FU fl??????????????????FU fj ? fk??
FU fm??????????????????? ni???? FU fm??????????
????MUX????????? CS???????????? FU????FU fj ? fk
??FU fm?????????????????FU fm???? ni????????? ni
?CS = n????????????FU fj? fk?? FU fm?????????????
??????F 2path??? FU????????
F 2path? FU???CS = n??????? ni??????????????? ni???
?????????????????????????FU fn?????????????
????????? ni?FU fn?????????????????CS????????
????? ni???? FU fn????????? lat(ni; fn)???????????
lat(ni; fn) = cstep(ni; fn) + cp(ni; fn) (3.16)
cstep(ni; fn)???? ni?FU fn??????????????????????????
?????????????? FU fn???? ni?????? CS = n????????
49
? 3? HDR?????????????MUX?? FPGA??????
??????????FU fj? fk??FU fn??????????????????FU fj
? fk?? FU fn????????????????FU fn???? ni?????????
ni?CS = n????????????
FU fj? fk?? FU fn????????????????????? ni?CS = n??
???????????????????????????????????
????? 1?? 0??????????? 2???????????
Step 8??????
????????????????CS = n???????????????????


















FU fs??????FU ft???????? vi???????????????????
????????????????????????????????FU fs? FU ft??
???????????????????????????????????????? ri
????? vi????????????????? ri?FU fs?????????????




rj 2 Rin \ Rout??????? rj ??? vi???????????????????? rj
??? vi????????????MUX????????Rin\Rout = ????rj 2 Rin
???????? rj?rj 2 Rout???????? rj????????? vi???????
50




























Step b-1 ??????????????????? 1????????????????
??????????1??? 1?????????????????? (3.6)?(3.7)???
????????????????????? FU????? 1????????? FU?
???? 1??????????? 3.13???????????????????????
3.13(a)????DFG?????FU f1????A??FU f2????B????????
????????????????? a, b, d, e?????????? 1?????????
3.13(b){(e)????? 1?2?4?5??????????????????????? c??
??????????????FU f1??????? Slack(f1)?? (3.6)???????
3.13(b)?(d)??????? B??? c??????????????Slack(f1)?? (3.6)
????????? 3.13(c)?(e)???????A?B?????????? 1?????
51






































































5????? FU? 1????? 2????1??????????Mout(ri)?? FU?????????
52
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a b d 
e f g





E F G H
A B C D





? 3? HDR?????????????MUX?? FPGA??????
Step b-2???????????????Min(ri)\Min(rj) 6= ??Mout(ri)\Mout(rj) 6= 
???????? ri????? rj?????????? 1??? 2????????????
?? 1 ri? rj?????????????????
?? 2 ri? rj???????????????????????????




Step b-3 ??????????????Min(ri) \Min(rj) 6= ???????? ri???
?? rj??? 1?2????????????????????????????????
MUX?????????????
Step b-4 ??????????????Mout(ri) \Mout(rj) 6= ???????? ri??
??? rj ??? 1?2????????????????????? FU????????
???MUX????????????? rk??MUX????????? 4??????
??MUX?????????????????????????????











(Step b-3)??????????(Step b-4)????? 3.14(b)?????????????
???E????????? 3.14(b)????????????????????????
?????????????????????? 3.14(d)????????????? 3?
?MUX?? 6????????(Step b-3)?(Step b-4)??????????? 3.14(c)?
?????????????????????????????????????????











Step b-1 ??????????????????????? 1????? 1??????

























Xilinx? ISE Design Suite 14.2????????????????????????FPGA
????Xilinx??Virtex-6????????dsp?????????????????ISE
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a b e f g i j k
b d f i
a c f h k
1 1 1 1 1 1 1 1
1 1 1 1 1

































f i j k





1 1 1 1 1 1 1
1 1 1 1















































































































































???????????????????AMD Opteron 2360SE 2.5GHz?2?????
16GB??????????????????????????Intel Core i5-2520M 2.5GHz
?2????? 4GB????
??????????????HAL????? 11)?PARKER????? 22??????
?)?DCT????? 48)?jacobi????? 52)?7? FIR????????? 75)?EWF3
????? 102)?copy????? 378???????)?????????????????
???? 4.12????FU??????? 16????????FU????????? 1?
?????????????????????60??????????? 1ns????
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? 3? HDR?????????????MUX?? FPGA??????
? 3.3: ??????????.




















































?????? 3.4????? 3.4? 1???App.????????????2?????
???3?????????????FU??????????Add? 2???? 2??Sub
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App. #Nodes FU constraint constraint [ns] algorithm #Huddles Delay [ns] #Steps Latency [ns] #Slices #LUTs #FFs time [s]
Add1, Sub1, SR - 5.260 6 31.56 136 425 146 131
hal 11 Mul2, 6 [2] 3 4.856 5 24.28 124 365 159 126
Comp1 ???? 2 4.944 5 24.72 107 340 142 135
Add2, SR - 2.151 7 15.06 80 229 256 136
parker 22 Sub2, 3 [2] 3 2.434 8 19.47 69 246 288 254
Comp1 ???? 2 2.264 8 18.11 62 225 270 155
Add4, SR - 5.670 8 45.36 460 1269 355 171
dct 48 Mul4 8 [2] 5 5.947 9 53.52 369 1187 503 207
???? 4 5.468 8 43.74 321 1101 495 186
Add2, SR - 21.75 17 369.8 489 1317 297 167
jacobi 52 Sub1, 32 [2] 4 23.37 17 397.2 373 1289 336 188
Mul2, Div2 ???? 4 22.61 17 384.4 340 1249 334 244
Add4, SR - 5.865 15 87.98 492 1449 309 163
r 75 Mul4, 7 [2] 4 5.769 15 86.54 420 1435 398 210
Mem1 ???? 4 5.267 15 79.01 261 913 432 213
Add4, SR - 5.989 40 239.6 604 1659 376 186
ewf3 102 Mul4 7 [2] 4 5.190 40 207.6 507 1509 395 279
???? 4 5.066 40 202.6 441 1443 486 239
Add3, Sub1, Mul5, SR - 6.987 82 572.9 1747 4904 1511 310
copy 378 Comp1, Rshift2, 12.5 [2] 7 6.884 82 564.5 1591 5048 2429 898









? 3.4? 7{9????????????????????? CS???????????
??????????????????????????????????? SR????














? 3? HDR?????????????MUX?? FPGA??????
???? 3.4? 10??????????? SR???????????????? 47%?





















?????????????????? 22%??? 4%???????????? 47%??
? 29%???????????????????????HDR????????????















































4?? 6?? LUT? 8??FF???????????????MUX?XOR??????










2)?????? [73]2?? 4.3(a)??????Virtex-7? 14?????????Clock region:
CR????????? 4.3(b)?????CR????????????????DSP???
??RAM??I/O??????????Virtex-7???????????????????
???????????????????????S(x; y)?Virtex-7? x? y??????
???????x, y???? 0  x  221 and 0  y  349????





2???????????????? FPGA? 1???? Virtex-7?????????????? 4.4?
??????? Xilinx?? FPGA????????????
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? 4.3: Virtex-7????????? [73].
3. ???? FF??????????? FF????? SA = S(xA; yA)???????
??FF????????????FF????????? t(SA; SA)?Vivado? STA
?????????? 4.4(a)??
4. ?????????? FF????? SB = S(xB; yB) (SA 6= SB)?????????
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(b) Simulating t(SA; SB).
? 4.4: Virtex-7??????????.
? 3??????????? t(SA; SB)??????? 4.4(b)??
5. Dw(SA; SB)????? SA = S(xA; yA)?????? SB = S(xB; yB)???????
??????????????












Virtex-7?SpeedGrade -2??? 10??????????????????? FF???
???????? FF???????? 100?????????????????? 4.1?
????????? 4.1? 2{6??????FPGA????? 100???????????




? 4? ???????? FPGA?????????????????????????
? 4.1: 100????????????? (?? 1).
Placement of source Placement of Dm(SA; SB) [ns]
FF SA destination FF SB
S(0; 0) S(100; 0) 1.77
S(50; 100) S(150; 100) 1.80
S(70; 220) S(170; 220) 1.76
S(110; 260) S(210; 260) 1.92
S(20; 320) S(120; 320) 1.88
S(0; 0) S(0; 100) 1.59
S(20; 180) S(20; 280) 1.63
S(50; 50) S(50; 150) 1.68
S(160; 200) S(160; 300) 1.59














































? 4.5: ??????????????????????? (?? 2).
?? 2 (??????????)
Virtex-7 (Speed Grade -2) ?????????????????????? S0 = S(0; 0)
?????? Sx = S(x; 0)???? Sy = S(0; y)???????????? 4.5?????




?????????? 6???????? Vertex-7 (Speed Grade -2) ????????
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? 4? ???????? FPGA?????????????????????????
? 4.2: ????????????? (?? 3).
Horizontal distance X [slices] Vertical distance Y [slices] Dm(S0; Sx;y) [ns] Dm(S0; Sx) +Dm(S0; Sy) [ns]
100 120 3.40 3.58
100 240 5.00 4.98
100 349 5.84 6.19
221 120 5.24 5.50
221 240 6.66 6.90
221 349 8.14 8.10
? 4.3: Speed Grade????/????????? (?? 4).




??????????? 4.2????? S0 = S(0; 0)?????? Sx;y = S(x; y)????
???????Dm(S0; Sx;y)?????????? 4.2? 1, 2??????? S0 = S(0; 0)
????? FF????? Sx;y = S(x; y)??????????? FF?????????
??? X = Lh(S0; Sx;y)?Y = Lv(S0; Sx;y)????4????? 2?????????
Dm(S0; Sx) +Dm(S0; Sy)??????? 4.2????????Dm(S0; Sx;y)???????
??Dm(S0; Sx)?????Dm(S0; Sy)???????????????
?? 4 (Speed Grade?????????)
Speed Grade?-1, -2, -3???????? Virtex-7?????????????????
? 4.3? Sx = S(200; 0)?Sy = S(0; 200)???????????Dw(S0; Sx)?Dw(S0; Sy)
?????????Speed Grade?-1???????????? 16%??????????
17%?Speed Grade?-2???????????Speed Grade?-3???????????
? 10%?????????? 8%?Speed Grade?-2?????????????????
? FPGA? Speed Grade????????????????????????
?? 5 (FPGA????????????)











? 4? ???????? FPGA?????????????????????????
? 4.4: FPGA???????/????????? (?? 5).
Horizontal distance Vertical distance Dm(S0; Sx) or Dm(S0; Sy) Ratio
FPGA family [slices] [slices] [ns] Dm(S0; Sx)=Dm(S0; Sy)
Airtex-7 160 0 2.89 2:89=3:00
0 160 3.00  0:96
Kintex-7 160 0 2.45 2:45=2:39
0 160 2.39  1:03
Virtex-7 160 0 2.67 2:67=2:26





















































































1.27?I/O?????? 7.09?horizontal clock row (? 4.8) ???? 1.00??CR????
????? 1.27????? 4.6????????????????????????
????x(SA)? y(SA)? FPGA????????? SA??????????????
?????????? S0? FPGA??????????????S0?????????
(0,0)????? 4.6????? SM????????????? SN???????????
?????????????????
x(SM) = 1:00 20 + 1:27 2 + 7:09 = 29:63
y(SM) = 0 (4.2)
x(SN) = 0
y(SN) = 1:00 30 + 1:00 = 31 (4.3)


















???????????IDEF?Interconnection-Delay Estimate model for Floorplan-driven
FPGA-HLS?????????????FPGA??????????? IDEF??????
?????????????????????????
???? SA?SB ??S(xA; yA) and S(xB; yB)?????????? 4.2??????
FPGA??????????????? SA?SB ??????De(SA; SB)???????
???
De(SA; SB) = Cdh  jxA   xBj+ Cdv  jyA   yBj: (4.4)
????Cdh?Cdv?????????????????? FPGA????Speed Grade?
????? 2?????????????????Virtex-7 (Speed Grade -2)??? 4.5?
?????Cdh = 0:0167?Cdv = 0:0130????
? 5 ? 4.4(b) ?????? Virtex-7 ?????? SP = S(10; 225) ?????? SQ =
S(110; 325)?????????????Virtex-7 (Speed Grade -2)??Cdh = 0:0167?Cdv =
0:0130????
???? SQ? SP ??????? j10  110j = 100????????? j225  325j = 100
?????????????? SQ? SP ??????De(SP ; SQ)???????????
De(SP ; SQ) =0:0167 j10  110j




???????? 4.5????? 4.5????IDEF????????? 0.20ns??? 0.10ns






????? [74]???????????????????? 150???????? 1??
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? 4? ???????? FPGA?????????????????????????
? 4.5: ???????????????? (?? 6).
Distance between two slices [(slices,slices)] Simulated delay [ns] Estimated delay by Eq. (4.4) [ns] Estimated error [ns]
(Lh(S0; Sx;y); Lv(S0; Sx;y)) Dm(S0; Sx;y) De(S0; Sx;y)
(75; 120) 2.97 2.81 0.16
(75; 240) 4.31 4.37 0.06
(75; 349) 5.59 5.79 0.20
(150; 120) 4.01 4.07 0.06
(150; 240) 5.62 5.63 0.01
(150; 349) 7.18 7.04 0.14
(221; 120) 5.24 5.25 0.01
(221; 240) 6.66 6.81 0.15


































































Xilinx?Vivado Design Suite 2014.2??????????????????????
Clock Skew = DCD   SCD + CPR: (4.6)














???????? 1???? 2?? 4.10(c)-(e)?????A???????B??????
??????????????????????? 4.6????
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(e) ?????? (100100 ???
?).
? 4.10: ???? (?? 7).
? 4.6: Simulated clock skews (?? 7).
Placement Point A Point B Minimum Clock Period [ns] Path Delay [ns] Clock Skew [ns] Dierence of Clock Skew [ns]
Fig. 4.10(c) ??? 1 ??? 2 3.064 3.019 +0:093 0:093  ( 0:195)
??? 2 ??? 1 3.423 3.114  0:195 =0.288
Fig. 4.10(d) ??? 1 ??? 2 2.745 2.653 +0:008 0:008  ( 0:280)
??? 2 ??? 1 3.121 2.701  0:280 =0.288
Fig. 4.10(e) ??? 1 ??? 2 5.853 6.197 +0:476 0:476  ( 0:724)























? 4.7: Clock backbone?????????????? (?? 8).
CR(0;n)
Propagation delay [ns] CR(0;0) CR(0;1) CR(0;2) CR(0;3) CR(0;4) CR(0;5) CR(0;6)
Maximum 4.128 3.956 3.784 3.612 3.599 3.759 4.113
Minimum 3.768 3.597 3.427 3.258 3.238 3.368 3.670
CR(1;n)
Propagation delay [ns] CR(1;0) CR(1;1) CR(1;2) CR(1;3) CR(1;4) CR(1;5) CR(1;6)
Maximum 4.125 3.953 3.781 3.609 3.596 3.756 4.110
Minimum 3.765 3.595 3.425 3.255 3.235 3.365 3.667
4.5 FPGA????????????????CSEF?
?????FPGA????????????????????????????????




??????Virtex-7 (Speed Grade -2) ???? 4.1??????? FF????????
?? FPGA????????????????????????????Xilinx?Vivado
Design Suite 2014.2?????????????? I/O?????????
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???????GCB??Clock backbone, Horizontal clock row, Vertical clock row???
?? FF???????
?? 8 (Clock backbone???)
Clock backbone???????????????? 4.11???????????FF??
????????? FF??????CR?Clock backbone?Horizontal clock row???
??Pi?????GCB??Pi??????????? 4.7??CR??Clock backbone?
?????????????
? 4.7????Clock backbone????GCB???? CR?????????????
???CR???????????????????Clock backbone??????????
? FF??????CR??????????????
?? 9 (Horizontal clock row???)
???Horizontal clock row????????????4.11????CR CR(m;n)????Pi
??x????????Ph(X)?????FF???????????FF?????GCB?
?Ph(X)??????????????????????? 8?????????Horizontal
clock row???????? 4.12?CR CR(0;4)?????????Horizontal clock row??
???????CR??? 4.12????????????? 4.12???Horizontal clock row
????????????????????????????????????????
?? 10 (Vertical clock row???)
CR CR(m;n)????Vertical clock row????????????4.11????CR CR(m;n)
73
? 4? ???????? FPGA?????????????????????????
? 4.8: Vertical clock row?????????????? (?? 10).
Vertical position Maximum propagation delay Minimum propagation delay













??Vertical clock row??????CR CR(0;4)?????? 4.8????????Y ???
????Horizontal clock row???????????????????????????
?CR?????? 4.8????????????? 4.8????Vertical clock row???
??? 0.019ns?????? 8??? 9????????????????????GCB?
? FF???????????????Vertical clock row?????????
?? 8{10??????GCB?? FF????????? Clock backbone? Horizontal
clock row??????????????????CR(r)?X(r)????????? r??
????CR?Clock backbone?????? r?????????????????? rs?
? SCD SCD(rs)??????????










? 4? ???????? FPGA?????????????????????????
? 4.9: ??CR??CPR????? (?? 11).
Placement of source FF Placement of destination FF
Horizontal distance Vertical position Horizontal distance Vertical position CPR [ns]
CR(m;n) from clock backbone [slices] to horizontal clock row [slices] CR(m;n) from clock backbone [slices] to horizontal clock row [slices]
CR(0;4) 0 +0 CR(0;4) 0  0 0.320
CR(0;4) 20 +0 CR(0;4) 20  0 0.320
CR(0;4) 40 +0 CR(0;4) 40  0 0.320
CR(0;4) 80 +0 CR(0;4) 80  0 0.320
CR(0;4) 20 +20 CR(0;4) 80  10 0.320
CR(0;4) 90 +20 CR(0;4) 10  20 0.320
CR(0;4) 40 +10 CR(0;4) 10 +20 0.320
CR(1;5) 20 +20 CR(1;5) 80  10 0.328
CR(1;5) 90 +20 CR(1;5) 10  20 0.328
CR(1;5) 40 +10 CR(1;5) 50 +0 0.328
? 4.10: ???CR??CPR????? (?? 11).
Placement of source FF CR(m;n)
CR(0;3) CR(0;4) CR(0;5) CR(1;3) CR(1;4) CR(1;5)
CR(0;3) 0.313 0.227 0.227 0.240 0.227 0.227
CR(0;4) 0.227 0.320 0.240 0.227 0.240 0.240
Placement of destination FF CR(0;5) 0.227 0.240 0.350 0.227 0.240 0.270
CR(p;q) CR(1;3) 0.240 0.227 0.227 0.291 0.205 0.205
CR(1;4) 0.227 0.240 0.240 0.205 0.298 0.218










??????? FF?????????? FF?CR CR(m;n)?CR(p;q)?????CPR?



























? 4.5.1??? 4.5.2?????????????? rs??????????????? rd
??? path(rs; rd)?????????CSK(path(rs; rd))??????????
CSK(path(rs; rd)) = DCD(rd)  SCD(rs)




? 6 ? 4.13???? Virtex-7???? path(ri; rj)????????????? ri ? CR
CR(1;4)?????S(150; 105)??????????????? rd?CR CR(0;4)?????
S(20; 140)?????????? 4.7?? SCD(CR(1;4)) = 3:596?DCD(CR(0;4)) = 3:238?
? 4.10?? CT (CR(1;4); CR(0;4)) = 0:240?????CSK(path(ri; rj))????????
???
SCD(ri) = 3:596 + 0:00263 40 = 3:7012 (4.11)
DCD(rj) = 3:238 + 0:00263 90 = 3:4747 (4.12)
CSK(path(ri; rj)) = 3:4747  3:7012 + 0:240
= 0:0135ns: (4.13)
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? 4? ???????? FPGA?????????????????????????
? 4.11: ???????????????????? (?? 12).
Placement of source FF Placement of destination FF Mesured clock skew [ns] Estimated clock skew by Eq. (4.10) [ns] Estimated error [ns]
S(185,150) S(135,150)  0:195  0:195 0.000
S(110,125) S(110,75) +0:008  0:013 0.021
S(59,156) S(160,145)  0:146  0:150 0.004
S(130,105) S(190,140) +0:157 +0:095 0.062
S(69,75) S(69,181)  0:271  0:274 0.003
S(125,60) S(89,130)  0:284  0:265 0.019
S(79,115) S(160,55) +0:069 +0:059 0.010
S(130,91) S(84,176)  0:123  0:098 0.025
S(89,176) S(120,130)  0:156  0:176 0.020
S(180,161) S(104,120)  0:362  0:315 0.047
?? 12 (CSEF???) CSEF????????????Virtex-7 (Speed Grade -2) ??
?????????????CSEF?? (4.10)????????????? 4.11?????
?????? 10???????????????????????????? 4.11???






?????? 3?????????????? FPGA?????? [29]????????
??????????????????
4.6.1 ????????FPGA??????????
?????? 3??????????????FPGA?????? [29]?? IDEF, CSEF
??????????????
? 3??????????????FPGA?????? [29]?????????????










































????? 1??? 4??? (4.14)?? 1??? 3????????????? (4.15)??
??????????????????????????????????? ???
??????????? 3?? 2??? 3??????????????????????
?????????
? (4.15)?? 2??? 3?????????????????????????????









path(rs; rd)?HDR??????????????? rs?????????????? rd
??? FU f ??? 1????????????????????????? rs????
???? hs??????????????? rd?????????????? hd????
??????????HDR???????????? path(rs; rd)????? FU f ???
?????????? rs?????? hs??????D(path(rs; rd))??HDR?????
????? path(rs; rd)????? (4.16)??????????????
D(path(rs; rd)) = Dfu(f) +Dreg +Dmux
+De(S(hs); S(hd))  CSKHDR(path(rs; rd))
(4.17)
????Dfu(f)?Dreg?Dmux?FU????????????MUX???????De(S(hs); S(hd))
???? hs ? hd ?????????????IDEF(? (4.4))???????? (4.17)?
3 [3]???????  = 100? = 1??????????? (4.15)?? 2??? 3??????????
?? = 1? =  10??????
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? 4? ???????? FPGA?????????????????????????
CSKHDR(path(rs; rd))?????? rs?rd??????????? hs?hd????????
CSEF(? (4.10))?????????????????????
? 6 ? 4.14? Virtex-7?? HDR????????????? path(ri; rj)???. ? 4.14
?????MUX???????????????? hi???????????????
CR(1;4) ?????? S(150; 105)?????????????? hj ??????????
????? CR(0;4)?????? S(20; 140)?????????????? ri???? hi?
????????????? rj ???? rj ?????????????????????
????????????S(hi)?S(hj)???????? 4.7?? SCD(CR(1;4)) = 3:596?
DCD(CR(0;4)) = 3:238?? 4.9?? CT (CR(1;4); CR(0;4)) = 0:240????????? 4.12
??? (4.8)?? (4.9)????Cdc = 0:00263??????
????CSKHDR(path(ri; rj))?????????????
SCD(ri) = 3:596 + 0:00263 40 = 3:7012 (4.18)
DCD(rj) = 3:238 + 0:00263 90 = 3:4747 (4.19)
CSKHDR(path(ri; rj)) = 3:4747  3:7012 + 0:240
= 0:0135ns: (4.20)
???? (4.4)????Cdh = 0:0167?Cdv = 0:0130?????De(S(hi); S(hj))?????
????????
De(S(hi);S(hj)) = 0:0167 j20  150j
+ 0:0130 j140  105j = 2:626ns: (4.21)
????Dfu(f) = 1:45ns?Dreg = 0:45ns?Dmux = 0:96ns?????D(path(ri; rj))???
??????????
D(path(ri; rj)) = 1:45 + 0:45 + 0:96
+ 2:626  0:0135 = 5:4725ns: (4.22)












4? (4.15)?????? n?m???????? 4.6.3??????
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? 4.12: ????? FU/??????.






Right shifter 12 2.1
AND 9 0.79
Register 4 0.45








?????????????Xilinx?Vivado Design Suite 2014.2???????????
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?)?DCT????? 48)?jacobi????? 52)?7? FIR????????? 75)?EWF3
????? 102)?copy????? 378???????)?????????????????
???? 4.12????? 4.12?????????????? virtex-7?????????FU
??????? 16???????? FU????????? 1????????????
???????????AMD Opteron 2360SE 2.5GHz?2????? 16GB???????
???????????????????Intel Core i5-2520M 2.5GHz?2????? 4GB?
???















????? n?m?????????? (4.4)?? (4.8)?? (4.9)?????Cdh = 0:0167,
Cdv = 0:0130?Cdc = 0:00263??????





? 4? ???????? FPGA?????????????????????????
? 4.13: ????? n?m???????????.
Clock Total
App. period The rate of synthesis
(#Nodes) FU constraint constraint [ns] Np (n,m) n=Np and m=Np #Huddles Delay [ns] #Steps Latency [ns] #Slices #LUTs #FFs time [s]
hal Add1, Sub1, 5 25 (5,5) 20%, 20% 2 3.947 5 19.74 117 416 150 300
(11) Mul2,Comp1 (10,10) 40%, 40% 2 4.034 5 20.17 116 416 150 395
parker Add2,Sub2, 4 25 (5,5) 20%, 20% 2 1.685 8 13.48 81 226 266 374
(22) Comp1 (10,10) 40%, 40% 2 1.740 8 13.92 75 226 266 454
Add4, (5,5) 8%, 8% 4 4.504 8 36.03 338 1164 530 439
Mul4 (10,10) 16%, 16% 3 4.490 8 35.92 351 1154 515 429
dct 7 64 (15,15) 23%, 23% 4 4.562 8 36.50 354 1160 530 418
(48) (20,20) 31%, 31% 7 4.552 8 36.18 426 1386 640 452
(25,25) 39%, 39% 3 4.502 8 36.02 378 1157 515 451
(30,30) 47%, 47% 4 4.520 8 36.16 342 1158 530 430
Add2, (5,5) 10%, 10% 2 17.48 17 297.2 330 1084 315 387
jacobi Sub1, 30 49 (10,10) 20%, 20% 3 17.47 17 297.0 340 1102 352 301
(52) Mul2, Div2 (15,15) 31%, 31% 3 17.53 17 297.9 342 1126 355 442
(20,20) 41%, 41% 2 17.56 17 298.5 336 1151 354 413
Add4, (5,5) 6%, 6% 3 4.399 15 65.99 331 1012 366 422
Mul4, (10,10) 12%, 12% 3 4.267 15 64.01 318 1037 365 407
Mem1 (15,15) 19%, 19% 6 4.480 15 67.20 328 1095 472 467
r 7 81 (20,20) 25%, 25% 6 4.512 15 67.68 357 1162 491 496
(75) (25,25) 31%, 31% 6 4.452 15 66.78 361 1164 507 481
(30,30) 37%, 37% 5 4.343 15 65.15 359 1149 474 509
(35,35) 43%, 43% 6 4.383 15 65.75 352 1184 508 511
(40,40) 49%, 49% 3 4.357 15 65.36 314 1052 399 501
Add4, (5,5) 8%, 8% 5 4.233 40 169.3 604 1898 726 428
Mul4 (10,10) 16%, 16% 5 4.144 40 165.8 567 1893 727 536
ewf3 7 64 (15,15) 23%, 23% 4 4.030 40 161.2 415 1562 583 495
(102) (20,20) 31%, 31% 5 4.310 40 172.4 535 1812 707 514
(25,25) 39%, 39% 3 4.403 40 176.1 494 1560 557 390
(30,30) 47%, 47% 3 4.375 40 175.0 466 1567 557 547
Add3, Sub1, (10,10) 5%, 5% 7 5.262 82 431.5 1732 5102 3263 931
Mul5, Comp1, (20,20) 10%, 10% 10 5.439 82 446.0 2096 6080 3650 1211
Rshift2, AND1, (30,30) 15%, 15% 7 5.241 82 429.8 1774 5243 3184 1231
copy Mem1 8.5 196 (40,40) 20%, 20% 8 5.325 82 436.7 1857 5516 2919 1262
(378) (50,50) 26%, 26% 9 5.258 82 431.2 1969 5565 3632 1338
(60,60) 31%, 31% 8 5.329 82 437.0 1832 5254 3494 1544
(70,70) 36%, 36% 5 5.500 82 451.0 1692 4851 3004 1482
(80,80) 41%, 41% 5 5.481 82 449.4 1691 4751 2935 1583














? 5.2? 7??????????????????? 5????????????????
82
? 4? ???????? FPGA?????????????????????????
? 4.14: 5??????????????.
Clock Total
App. period Applied synthesis
(#Nodes) FU constraint constraint [ns] algorithm #Huddles Delay [ns] #Steps Latency [ns] #Slices #LUTs #FFs time [s]
Add1, Sub1, SR - 3.869 5 19.35 100 380 108 446
Mul2, [29] 2 3.956 5 19.78 111 414 150 361
hal Comp1 5 [29]+IDEF 2 3.946 5 19.73 113 416 150 404
(11) [29]+CSEF 2 3.954 5 19.77 119 434 166 393
[29]+IDEF+CSEF 2 3.947 5 19.74 117 416 150 300
Add2, SR - 1.987 7 13.91 64 186 224 279
Sub2, [29] 2 1.791 8 14.33 77 231 266 395
parker Comp1 4 [29]+IDEF 2 1.739 8 13.91 85 228 266 394
(22) [29]+CSEF 2 1.740 8 13.92 75 226 266 401
[29]+IDEF+CSEF 2 1.685 8 13.48 81 226 266 374
Add4, SR - 4.905 8 39.24 412 1383 345 414
Mul4 [29] 4 4.672 8 37.38 373 1168 530 333
dct 7 [29]+IDEF 4 4.494 8 35.95 348 1161 529 481
(48) [29]+CSEF 6 4.541 8 36.33 385 1298 597 481
[29]+IDEF+CSEF 3 4.490 8 35.92 351 1154 515 429
Add2, SR - 18.20 17 309.3 364 1168 271 394
Sub1, [29] 3 17.84 17 303.3 337 1113 351 314
jacobi Mul2, Div2 30 [29]+IDEF 2 17.55 17 298.4 349 1084 315 427
(52) [29]+IDEF 2 17.62 17 299.6 340 1084 315 309
[29]+IDEF+CSEF 3 17.47 17 297.0 340 1102 352 301
Add4, SR - 5.330 15 79.95 435 1535 307 666
Mul4, [29] 5 4.723 15 70.85 282 1029 454 405
r Mem1 7 [29]+IDEF 3 4.336 15 65.04 321 1066 382 453
(75) [29]+CSEF 6 4.495 15 67.43 369 1170 508 524
[29]+IDEF+CSEF 3 4.267 15 64.01 318 1037 365 407
Add4, SR - 5.175 40 207.0 494 1603 363 576
Mul4 [29] 5 4.537 40 181.5 468 1794 691 442
ewf3 7 [29]+IDEF 3 4.372 40 174.9 478 1571 557 493
(102) [29]+CSEF 3 4.383 40 175.3 472 1547 557 499
[29]+IDEF+CSEF 4 4.030 40 161.2 415 1562 583 495
Add3, Sub1, Mul5, SR - 6.380 82 523.2 1437 5100 1557 878
Comp1, Rshift2, [29] 8 5.625 82 461.3 1799 5241 3453 855
copy AND1, Mem1 8.5 [29]+IDEF 8 5.367 82 440.1 1916 5353 3194 1284
(378) [29]+CSEF 7 5.451 82 447.0 1777 5032 3335 1262
[29]+IDEF+CSEF 7 5.241 82 429.8 1774 5243 3184 1231
???6???????????????????????8?????? 3???? [29]?
IDEF?????????? [29]+IDEF???SR???????????????? 19%?
?? 9%????? 3???? [29]??????? 8%??? 4%?????? 3???? [29]
? CSEF?????????? [29]+CSEF???SR????????????????
16%??? 8%????? 3???? [29]??????? 5%??? 3%??????????
3???? [29]? IDEF?CSEF???????? [29]+IDEF+CSEF???SR?????
??????????? 22%??? 10%????? 3???? [29]??????? 11%??
? 6%?????








???? 5.2? 10?????[29]+IDEF+CSEF????? 3???? [29]??????
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?????CSEF????? 2?????????????(i) ? (4.8)?? (4.9)?? 1??




















































































??SR???????????????? 22 %??? 10%????? 3????????
??? 11%??? 6%??????????????????????????SR???









































































??????????? rs??FU f??????? rd?????????? path(rs; rd)
???D(path(rs; rd))? 4.6.1??? (4.17)??????????????
D(path(rs; rd)) = Dfu(f) +Dreg +Dmux





???? hs ? hd ?????????????IDEF(? (4.4))???????? (4.17)?


















?? 1 ????? 2???????????????????/FU???????









































?? 1?????????????????????????? (???? 1)???????






???/FU??????? (???? 2)?????/???????? (???? 3)???
?????????????????????/FU??????? (???? 2)????
CDFG?????????????????? FU??????????????????











































priority(ni) = D(Fu(nk))=S(Fu(nk)) (5.2)
????Fu(nk)???? nk?????????? FU????S(fi)? FU fi?????
????????????????? priority(ni)????N ????? 3???????
2??????? 5.2.4???????


























































? nj? FU fk??????????? cost(nj; fk)???????????




????par(nj)???? nj??????????R(fk)? FU fk???????????
????
??? nj ???????? FU???? Fop(nj)????Fop(nj)????cost(nj; fk) <
cost(nj; Fu(nj))????FU????Fcand(nj) 2 Fop(nj)????Fcand(nj)????cost(ni; fk)
?????? FU fk 2 Fcand(nj)??????
??? nj?FU fk?????????????FU??FU fk??????????FU
fk ??????? FU???????????????Step 1????????????
??????????????????? nj ? FU fk ????????????????
Fop(nj)???FU fk???? cost(nj; fl)??????FU fl 2 Fcand(nj)????????
??FU fk???????????? Step 1?????????????????????
FU?????????????????Fcand(nj)????FU???? Step 3{5????
????????
Step 6{8??????Step 3{5???? ni?????????????????????




? 1 ? 5.4? FU???????????????? 5.4(a)? Step 1?????????
??????/FU??????????????? 5.4(c)??????????FU f1?f2?
f3???????? h1?h2?h3????????????????????? r1?r2??
?? h1????? r3?r4???? h2????? r5?r6?r7???? h3?????????
?????D(f1) = D(f2) = 2ns, D(f3) = 4ns???????????? 1CS??????
?????????? 0CS?????????? 5.4(d)???????????????
?????/????????????
????? 5.4(a)?? FU??????????????????? (5.2)??????
?????Ncand = fn1; n5g?????????Ncand?????CS??????????
??? n1??????????????? n1?????? n4????????????
????? n4???????? FU???? FU f1?f2?????? FU f2??????
?????????Dreg = 0:2ns?Dmux = 0:5????????FU???? n4?????
??????? cost(n4; fi)?? (5.3)???????????
cost(n4; f1) = 4:8
cost(n4; f2) = 5:0 (5.4)
???????? n4? FU f1?????????????????? 1???????

















































































??? h1 0.00/0.00 0.30/-0.15 0.20/-0.10
??? h2 0.30/0.10 0.00/0.00 0.25/0.05
h3 0.20/0.10 0.25/-0.05 0.00/0.00
(d) ?????????/??????????.
? 5.4: FU???????????.
FU f3?f2???????????FU f3?f2??FU f1?????????? 0CS????
???? 5.4(a)???????????????????? n4????? n6?FU f2??
?????????FU f1??FU f2???????? 0CS???????? 5.4(a)???
?????????????????? n4? FU f1???????????? 5.4(a)??






















































0 (Tclock  S(f)  D(path(rs; rd)))
D(path(rs; rd))=Tclock
(Tclock  S(f) < D(path(rs; rd)))
(5.6)
4N ??????????? 4.6.3????????????????? 20%??????????????





App. period Applied critical path synthesis
(#Nodes) FU constraint constraint [ns] algorithm #Huddles delay [ns] #Steps Latency [ns] #Slices #LUTs #FFs time [s]
Add1, 5 SR - 3.869 5 19.35 100 380 108 446
hal Sub1, 5 [2] 2 4.185 5 20.93 125 435 135 354
(11) Mul2, 5 [29] 2 4.050 5 20.25 117 427 151 368
Comp1 5 ???? 1 3.869 5 19.35 100 380 108 412
Add2, 4 SR - 1.987 7 13.91 64 186 224 279
parker Sub2, 4 [2] 2 2.185 8 17.48 85 235 263 356
(22) Comp1 4 [29] 2 1.578 7 11.05 75 214 246 370
4 ???? 2 1.548 7 10.84 75 209 231 363
Add4, 7 SR - 4.905 8 39.24 412 1383 345 414
dct Mul4 7.5 [2] 6 4.437 8 35.50 438 1489 623 478
(48) 7 [29] 5 4.434 8 35.47 366 1178 544 427
7 ???? 5 4.349 8 35.08 362 1196 544 392
Add2, 30 SR - 18.20 17 309.3 364 1168 271 394
jacobi Sub1, 31 [2] 3 17.69 17 300.6 374 1212 345 432
(52) Mul2, 30 [29] 3 17.54 17 298.1 340 1135 354 454
Div2 30 ???? 3 17.46 17 296.8 338 1124 355 415
Add4, 7 SR - 5.330 15 79.95 435 1535 307 666
r Mul4, 7 [2] 4 5.192 15 77.88 445 1482 420 485
(75) Mem1 7 [29] 4 4.468 15 67.02 329 1062 400 475
7 ???? 3 4.035 15 60.53 332 1063 365 439
Add4, 7 SR - 5.175 40 207.0 494 1603 363 576
ewf3 Mul4 7 [2] 2 4.820 40 192.8 510 1769 646 490
(102) 7 [29] 4 4.390 40 175.6 500 1640 616 463
7 ???? 4 3.931 40 157.2 488 1605 567 472
Add3, Sub1, 8.5 SR - 6.380 82 523.2 1437 5100 1557 878
copy Mul5, Comp1, 10.5 [2] 9 6.227 82 510.6 2098 6608 3261 780
(378) Rshift2, AND1, 8.5 [29] 10 5.718 82 468.9 1939 5867 3778 920
Mem1 8.5 ???? 8 5.201 82 426.5 1950 5620 3327 1707
????S(f)?FU f??????????????????????????Tr(path(rs; rd))
????????????????DT ???????????????????????
















??? (0,0)???? 50??????? 34????????P(-34,-50)??????????
????Vivado???BIT???????FPGA??HDR??????????????
?????????????????????????AMD Opteron 2360SE 2.5GHz?2?
???? 16GB??????????????????????????Intel Core i5-2520M
2.5GHz?2????? 4GB????
???/???????IDEF?CSEF???????? 4.6?????????????



















????????????? 26%, ?? 14%????[29]??????? 2%??? 1%??
?????
???? 5.2?? 5.1???????????????????????????????
???? 5.2????????? parker???????????????????? 3??
????????????????????????????????????????[2]









Applied Interconnection Clock Critical-path
App. algorithm Logic delay [ns] delay [ns] Clock skew [ns] uncertainty [ns] delay [ns]
SR 1.642 2.142 -0.050 0.035 3.869
hal [2] 1.769 2.355 -0.046 0.035 4.185
[29] 1.645 2.326 -0.044 0.035 4.050
???? 1.642 2.142 -0.050 0.035 3.869
SR 0.804 1.123 -0.025 0.035 1.987
parker [2] 1.266 0.864 -0.020 0.035 2.185
[29] 0.809 0.708 -0.026 0.035 1.578
???? 0.755 0.710 -0.048 0.035 1.548
SR 1.873 2.947 -0.05 0.035 4.905
dct [2] 1.827 2.544 -0.031 0.035 4.437
[29] 1.676 2.671 -0.052 0.035 4.434
???? 1.711 2.556 -0.047 0.035 4.349
SR 10.364 7.747 -0.051 0.035 18.197
jacpbi [2] 10.057 7.542 -0.051 0.035 17.685
[29] 10.015 7.440 -0.047 0.035 17.537
???? 10.161 7.212 -0.049 0.035 17.457
SR 1.746 3.501 -0.048 0.035 5.330
r [2] 2.073 3.041 -0.043 0.035 5.192
[29] 1.767 2.627 -0.039 0.035 4.468
???? 1.809 2.150 -0.041 0.035 4.035
SR 1.773 3.31 -0.057 0.035 5.175
ewf3 [2] 1.727 2.934 -0.124 0.035 4.820
[29] 1.693 2.607 -0.055 0.035 4.390
???? 1.704 2.167 -0.025 0.035 3.931
SR 1.908 4.394 -0.043 0.035 6.38
copy [2] 1.752 4.313 -0.127 0.035 6.227
[29] 1.678 3.822 -0.183 0.035 5.718




????Matrix Multiplication?Mesa MM, 109?????Smooth Triangle?Mesa ST, 197
?????Matrix invertion?Mesa MI, 333??????? [22]?
??????? 5.3.2??????????????????????????SR?? 3
???? [29]? IDEF????????? [28]??????
????????????? 5.3????????? SR??????????????
27%??? 18%??????????? 11%??? 5%?????????? [28]????





App. period Applied clock synthesis
(#Nodes) FU constraint constraint algorithm #Huddles period [ns] #Steps Latency [ns] #Slices #LUTs #FFs time [s]
Add4 7 SR - 5.556 15 83.34 567 1919 495 349
Mesa MM Mul4 7 [28] 5 5.070 15 76.05 494 1650 744 443
(109) Mem2 7 ???? 5 4.709 15 70.64 503 1526 653 600
Add4, Sub1 7.5 SR - 5.758 29 167.0 791 2864 732 382
Mesa ST Mul4 7.5 [28] 5 5.477 29 158.8 861 2562 1255 497
(197) Mem2 7.5 ???? 8 5.065 29 146.9 845 2463 1452 835
Add4, Sub1 7.5 SR - 6.612 42 277.7 1178 4134 970 364
Mesa MI Mul4 7.5 [28] 7 5.597 42 235.1 1030 2933 1812 518
(333) Mem2 7.5 ???? 7 4.805 42 201.8 1049 2818 1794 700
? 5.4: ??????????????????????????.
App. Applied Logic Interconnection Clock Clock Critical-path
(#Nodes) algorithm delay [ns] delay [ns] skew [ns] uncertainty [ns] delay [ns]
SR 1.911 3.566 -0.044 0.035 5.556
Mesa MM [28] 1.814 3.105 -0.116 0.035 5.070
(109) ???? 1.690 2.941 -0.043 0.035 4.709
SR 1.807 3.867 -0.049 0.035 5.758
Mesa ST [28] 1.669 3.319 -0.150 0.035 5.477
(197) ???? 1.818 3.093 -0.119 0.035 5.065
SR 2.119 4.343 -0.115 0.035 6.612
Mesa MI [28] 1.814 3.572 -0.176 0.035 5.597






















??? SR????????????????? 24%??? 15%????????????
24%???????????????????????????????????HDR??
????????????????? [2]????????????????? 38%???

































































































????/????????? FPGA????????? 19:933ns  50MHz?????
??CLKin??????????????????? [74]?HDR???????????
??????CLKv (ns) ????????????




?? 1  2 N and  2 N.


















































?XML??? \?????????????"????Step 1?????Step 1???RTL
??? 3????????????? RTL?????????????????????
????????Step 2??????? (6.1)????? FPGA????????????
?CLKop?????????????CLKop? Step 1????????????????
?????????????????????? (6.1)?????? , ????????
????




= CLKop  CLKin; (6.2)
????FPGA???????????????? CLKin? 20 ns??????????
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v0 v1 v2 v3 v4 v5 v6 v7 v8 v9 v10 v11 v12 v13 v14 v15
v16 v17 v18 v19























3???? 6.4?????????  ? 20{30?????????
4????? ,  ??????/????????? RTL????????????
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? 6? ?????????????????? FPGA?????
? 6.1: DCT?????????????.
Clock period Operation clock Operation time
constraint Parameters period Total impl. on Xilinx Virtex-7
in HLS [ns] (, ) CLKop [ns] #Steps Latency [ns] #Slices #LUTs #FFs time [s] [ns]
SR????????? 6.4 (8, 25) 6.378 10 63.78 1268 2943 3394 1179 65.87








???? 4 ??????????????? HDR?????????????????
???
???? 5 ????????????????????BRAM??????






???? 1 Virtex-7?? SR-based circuit, ???? DR-based circuit??? DCT???
?????????????????????
???? 2 ?? PC???????????????????????
???? 3 DCT??????????? 1,000,000,000??????




? 6.1? 11?????? FPGA????????????????HDR???????
??? SR??????????? 65:87   51:92 = 13:95 ns??????? 21%?????
???? 6.1? 6??Vivado????????????????? 63:78  49:83 = 13:95 ns
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? 6? ?????????????????? FPGA?????
?????????????????????????????????????Vivado?
???????????????? FPGA??????????????????????
????6.1?11??\Operation time on Xilinx Virtex-7"???? 6.1?6??\Latency"
?????? 2:09 ns???????????\Operation time on Xilinx Virtex-7"????
?? PC?? FPGA????????????????????????????
































































?????????????????? 22%??? 4%???????????? 47%??
? 29%???????????????????????HDR????????????

















??SR???????????????? 22 %??? 10%????? 3????????
??? 11%??? 6%??????????????????????????SR???






















??? SR????????????????? 24%??? 15%????????????
24%???????????????????????????????????HDR??
????????????????? [2]????????????????? 38%???
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